Although the phosphatidylinositol 3-kinase to Akt to mammalian target of rapamycin (PI3K-Akt-mTOR) pathway promotes survival signaling, inhibitors of PI3K and mTOR induce minimal cell death in PTEN (phosphatase and tensin homolog deleted from chromosome 10 ) mutant glioma. Here, we show that the dual PI3K-mTOR inhibitor PI-103 induces autophagy in a form of glioma that is resistant to therapy. Inhibitors of autophagosome maturation cooperated with PI-103 to induce apoptosis through the mitochondrial pathway, indicating that the cellular self-digestion process of autophagy acted as a survival signal in this setting. Not all inhibitors of mTOR synergized with inhibitors of autophagy. Rapamycin delivered alone induced autophagy, yet cells survived inhibition of autophagosome maturation because of rapamycin-mediated activation of Akt. In contrast, adenosine 5′-triphosphate-competitive inhibitors of mTOR stimulated autophagy more potently than did rapamycin, with inhibition of mTOR complexes 1 and 2 contributing independently to induction of autophagy. We show that combined inhibition of PI3K and mTOR, which activates autophagy without activating Akt, cooperated with inhibition of autophagy to cause glioma cells to undergo apoptosis. Moreover, the PI3K-mTOR inhibitor NVP-BEZ235, which is in clinical use, synergized with the lysosomotropic inhibitor of autophagy, chloroquine, another agent in clinical use, to induce apoptosis in glioma xenografts in vivo, providing a therapeutic approach potentially translatable to humans.
INTRODUCTION
The ability of cells to sense and respond to growth factors and nutrients represents a fundamental requirement for survival. Under nutrient-and growth factor-poor conditions, decreased activation of the kinases Akt and mammalian target of rapamycin (mTOR), two key integrators of growth factor and nutrient signaling, leads to initiation of a catabolic program that enables cells to survive periods of starvation or stress [reviewed in (1) ]. Under nutrient-and growth factor-rich conditions, growth factors signal through receptor tyrosine kinases (RTKs) to activate downstream kinases such as class IA phosphatidylinositol 3-kinases [principally PI3K a and b, as reviewed in (2) ]. The PI3Ks in turn propagate downstream signals, including activation of Akt and mTOR, stimulating an anabolic program of protein synthesis and cell growth.
Tight regulation of the Akt-mTOR pathway enables cells to sense changes in their environment and survive both minor and major perturbations in the abundance of nutrients and growth factors. Akt signaling stimulates the activity of numerous downstream targets, including the proapoptotic proteins BAD (Bcl-2/Bcl-XL-associated death promotor), caspases 3 and 9, and FoxO (forkhead) family transcription factors, that act to tip the balance from survival toward apoptosis during periods of growth factor deprivation. Given the central role for Akt in cell survival, it is not surprising that Akt overactivation has been implicated in cancer. For example, malignant glioma, the most common primary brain tumor, is frequently associated with deletion or silencing of the gene encoding the lipid phosphatase PTEN (phosphatase and tensin homolog deleted from chromosome 10), which antagonizes Akt signaling [reviewed in (2) ]. In both clinical and preclinical trials, PTEN deletion has been associated with resistance to therapy (3) (4) (5) , supporting a role for the RTK-PI3K-Akt-mTOR axis in mediating cancer cell survival.
The initial enthusiasm for using inhibitors of PI3Ks, Akt, or mTOR as antineoplastic agents has been tempered by observations that inhibition of these kinases typically promotes growth arrest rather than cell death in solid tumors [reviewed in (6) ]. Because mTOR is a target of both growth factor and nutrient signaling, its blockade is likely to activate one or more survival pathways that act to enable cells to endure periods of starvation or stress. Macroautophagy (hereafter called autophagy), a cellular selfdigestion process that provides energy and nutrients during stress (7) , is a good candidate for such a survival pathway (8) . Indeed, experiments in the yeast Saccharomyces cerevisiae suggest that Tor is a key node central to control of autophagy (9) .
Autophagy is an evolutionarily conserved process through which organelles and proteins are sequestered into autophagic vesicles (autophagosomes) within the cytosol [reviewed in (8) ]. These vesicles then fuse with the lysosome, forming autophagolysosomes, which promote the degradation of intracellular contents. Microtubule-associated protein light chain 3 (LC3-I) is an abundant cytoplasmic protein that is cleaved and lipidated during initiation of autophagy (forming LC3-II), translocating to and associating with the autophagosome in a punctate pattern (10) . Autophagy thus enables the cell to eliminate and recycle proteins or organelles to sustain metabolism and can be recognized in part by formation of LC3-II punctae.
Inhibition of autophagy promotes cancer cell death (11) (12) (13) and potentiates various anticancer therapies (14-24), implicating autophagy as a mechanism that enables tumor cells to survive antineoplastic therapy. The antimalarial drug chloroquine inhibits autophagy of glioma cells and has been tested as an antineoplastic agent in a small clinical study (25) . The related molecule hydroxychloroquine is the subject of an ongoing Phase II study (14) and is a much-discussed option among patients who may self-medicate during therapy for glioma (26). Although chloroquine's use in glioma was not predicated on the basis of its ability to inhibit autophagic degradation, this compound, like hydroxychloroquine, blocks lysosomal functions required for the terminal steps of autophagy (15) .
Here, we showed that dual inhibitors of PI3K and mTOR signaling activated autophagy in glioma, and that inhibition of two distinct mTOR protein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), induced autophagy in an additive fashion. Because the allosteric mTORC1 inhibitor rapamycin induces autophagy, we were surprised to find that inhibition of autophagosome maturation in the presence of rapamycin did not promote apoptosis. Rather, apoptosis was induced only when rapamycin was combined with inhibitors of both autophagosome maturation and PI3K. To understand why blockade of PI3K itself does not induce apoptosis but was critical to the induction of apoptosis by the combination of rapamycin and inhibitors of autophagosome maturation, we investigated the ability of rapamycin to induce autophagy and concurrently activate Akt. We found that rapamycin induced both autophagy and Akt phosphorylation as separate survival signals. Combining rapamycin with inhibitors of autophagy or of PI3K blocked only one of these, allowing cells to survive. In contrast, combining rapamycin with inhibitors of autophagy and of PI3K blocked both survival signals, resulting in apoptosis.
Furthermore, we showed that NVP-BEZ235, which inhibits both PI3K and mTOR signaling and is currently in Phase I/II clinical trials in solid tumors (27), cooperated with chloroquine to promote cell death in glioma. Because inhibitors of PI3K, mTOR, and autophagosome maturation are all in clinical trials or clinical use, this combination of agents represents a promising and translatable approach to cancer therapy.
RESULTS

A dual inhibitor of PI3K and mTOR induces autophagosome formation in glioma cells
We found that PI-103, a small molecule that acts as a direct inhibitor of both PI3K and mTOR (28) (29) (30) and PTEN-deficient (PTEN mt -U87, U373) glioma cell lines (Fig. 1, A  and B ). Immunoblot analysis revealed that PI-103 induced the conversion of LC3-I to LC3-II in a dose-dependent manner. Furthermore, this conversion was independent of PTEN, because LC3-II was apparent in all cell lines tested (Fig. 1, C and D) .
We next treated U373 PTEN mt glioma cells with PI-103, followed by brief exposure to bafilomycin A1 (Baf A1), which inhibits vacuolar-type H + -ATPase (H + -dependent adenosine triphosphatase) and thereby blocks autophagosome maturation (31) . Baf A1-treated cells showed increased conversion of LC3-I to LC3-II (Fig. 1E) , likely due to autophagosome accumulation (32) . PI-103 also induced degradation of the protein p62 (Fig. 1E) , a process specific to autophagy (33, 34) .
Inhibition of PI3K, mTOR, and autophagosome maturation induces apoptosis in PTEN mt glioma
Inhibition of autophagy with lysosomotropic agents enhances the antineoplastic activity of radiation, chemotherapy, and targeted agents (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
We therefore wondered whether blocking the induction or progression of autophagy could promote cell death when combined with inhibition of PI3K and mTOR. No appreciable cell death was observed in PTEN wild-type or mutant glioma cells treated individually with PI-103, 3-methyladenine (3MA), which inhibits early stages of autophagosome formation (35), or Baf A1, which inhibits later stages of autophagosome maturation (Fig. 2, A to D, and fig. S1 ). In contrast, combining PI-103 with 3MA or Baf A1 led to significant apoptosis, measured by quantification of cells in the sub-G 1 fraction, an indicator of DNA fragmentation (36) , cleavage of caspase 3 and poly(adenosine 5′-diphosphate-ribose) polymerase (PARP), or annexin V flow cytometry (Fig. 2, A to D, and  fig. S1 ).
In PTEN wt SF767 cells, apoptosis was equivalent when PI-103 was combined with either Baf A1 or 3MA. In contrast, PTEN mt U373 cells were more susceptible to combination therapy with PI-103 and Baf A1 than to PI-103 and 3MA (Fig. 2, A to D) . To exclude off-target effects of Baf A1 independent of lysosomal trafficking, we treated cells with small interfering RNA (siRNA) directed against lysosome-associated membrane protein-2 (LAMP2), which is required for autophagosome maturation (37) . PI-103 cooperated with LAMP2 siRNA to induce apoptosis, measured both by annexin V flow cytometry and by PARP cleavage ( fig. S4 ).
We next analyzed the effects of monensin, an antibiotic that inhibits autophagy by blocking fusion of the autophagosome with the lysosome (38) . Like Baf A1, monensin synergized with PI-103 to induce apoptosis (Fig. 2E ).
We also assessed the effects of PI-103 on mouse embryonic fibroblasts (MEFs) deleted for Atg5, which affects early steps of autophagosome formation (39, 40) . PI-103 treatment induced apoptosis more frequently in Atg5 knockout MEFS than it did in wild-type controls ( fig. S2 ). Together, these data indicate that blocking autophagy contributes to apoptosis when combined with PI-103. The combination of small-molecule inhibitors that was most effective at eliciting apoptosis in PTEN mt glioma cells used anti-autophagic agents that target late rather than early stages of autophagy.
Apoptosis proceeds through the mitochondria-dependent intrinsic pathway
Apoptosis can be induced through stimulation of the transmembrane death receptors (extrinsic pathway) or through release of signal factors by mitochondria within the cell (intrinsic pathway). To clarify which of these pathways was activated in response to combination treatment with PI-103 and the lysosomal agent monensin, we used Bax wild-type or Bax-deficient MEFs in components of the apoptotic machinery, because Bax is a mitochondrial protein required for the intrinsic pathway of apoptosis (41) . We tested the ability of PI-103 and monensin or a combination of the two to induce apoptosis in Bax wild-type or Bax-deficient MEFs. Basal apoptosis was decreased in Bax-deficient MEFs compared with that in wild-type MEFs. Treatment with PI-103 alone induced modest degrees of apoptosis in Bax wild-type or Bax-deficient MEFs, whereas monensin alone did not. Combination therapy with PI-103 and monensin led to apoptosis only in MEFs wild type for Bax as measured by annexin V flow cytometry. Induction of apoptosis in these experiments was correlated with decreased abundance of the antiapoptotic protein Bcl-2, as evidenced by 190% decreased abundance of Bcl-2 in Bax wild-type MEFs treated with PI-103 and monensin when compared with vehicle controls (Fig. 3) . Although Bax is often redundant with Bak (leading many investigators to test MEFs deficient in both Bax and Bak) (41), a nonredundant role for Bax as an apoptotic regulator in neural cells has been demonstrated (8, 42) , and we found that Bax deficiency alone was sufficient to block cell death induced by PI-103 plus monensin (Fig. 3) . We conclude that PI-103 cooperates with monensin to elicit apoptosis through the intrinsic mitochondrial pathway that requires Bax.
Inhibition of PI3K, mTORC1, mTORC2, and autophagy contributes to induction of apoptosis
In addition to inhibitors that block both PI3K and mTOR, small-molecule inhibitors are also being developed against specific kinases, including PI3K, Akt, and mTOR (28, 29, 43, 44) . To clarify whether representative inhibitors targeting these kinases induce autophagy, and whether autophagy inhibitors induce apoptosis in combination with inhibitors of PI3K, Akt, or mTOR, we extended our studies to analyze inhibitors of these kinases. Inhibitors of mTOR that bind to the catalytic site (mTOR kinase inhibitors) induce autophagy more potently than does rapamycin (44) . Therefore, to separately probe roles for inhibition of PI3K and mTOR in the induction of autophagy by PI-103, we analyzed the effects of the PI3Ka inhibitor PIK-90, the allosteric mTORC1 inhibitor rapamycin (45) , and the mTOR kinase inhibitor Ku-0063794 (46) . We measured induction of autophagy in response to PIK-90, rapamycin, Ku-0063794, and PI-103 by immunoblot and by staining for acridine orange, which moves freely across biological membranes and accumulates in acidic vesicle organelles (AVOs) associated with autophagy (16, 47, 48) . Consistent with a central role for mTOR blockade in the induction of autophagy, PIK-90 did not block phosphorylation of the mTOR target rpS6 (49) and only minimally induced either appreciable AVOs or LC3-II conversion (Fig. 4A and fig.  S5 ). In contrast, rapamycin, Ku-0063794, and PI-103 all blocked p-rpS6, induced AVOs, and more efficiently induced LC3-II conversion (Fig. 4,  A and B, and fig. S5 ).
Having established that mTOR blockade is necessary to induce autophagosome formation, and that an inhibitor of PI3K affected neither mTOR nor autophagy, we looked to see whether inhibition of PI3K or of mTOR could cooperate with Baf A1 to induce apoptosis. Single-agent treatment with Baf A1, rapamycin, PIK-90, Ku-0063794, or PI-103 failed to induce apoptosis in the PTEN mt cell line U373MG (Fig. 4 , B and C). However, blockade of PI3K and mTOR with PIK-90 and rapamycin induced apoptosis in combination with Baf A1, as did the combinations of Ku-0063794 and Baf A1; Ku-0063794, PIK-90, and Baf A1; and PI-103 and Baf A1 (Fig. 4, B and C) .
To determine whether mTORC1 and mTORC2 have independent roles in the induction of autophagy, we treated U373 glioma cells with siRNA (45, 53, 54) ], analyzing the effects of these siRNAs alone or in combination with the PI3K inhibitor PIK-90 and the lysosomal agent Baf A1. Knockdown of raptor, rictor, or mTOR each induced autophagy, measured by the appearance of LC3-II (Fig. 4D) . The amount of LC3-II produced in response to siRNA directed against mTOR was greater than that observed with siRNA directed against either raptor or rictor; similarly, there was increased apoptosis upon addition of PIK-90 and Baf A1 to siRNA directed against mTOR, in comparison with addition of PIK-90 and Baf A1 to siRNA directed against either raptor or rictor (Fig.  4D) . We conclude that both mTORC1 and mTORC2 contribute to the formation of autophagosomes.
We evaluated the importance of Akt blockade by comparing the effects of the PI3K inhibitor PIK-90 with those of AktI-1/2, a PH (pleckstrin homology) domaindependent isozyme-selective inhibitor of Akt1 and Akt2 (43) . Using U373 PTEN mt glioma cells, we analyzed the effects of PIK-90 and AktI-1/2 alone or in combination with rapamycin and Baf A1 ( fig. S3 ). Glioma cells generally uncouple signaling between Akt and mTOR (49); consistent with this, both PIK-90 and AktI-1/2 blocked phosphorylation of Akt without affecting that of the mTOR target rpS6 ( fig. S3 ). Although neither agent induced cell death in isolation, both synergized with rapamycin and Baf A1 to induce apoptosis ( fig. S3 ).
Because the class III PI3K Vps34 links nutrient sensing to mTOR (55, 56) , we tested the ability of siRNA directed against Vps34 to inhibit mTOR activity and to affect autophagy. Knockdown of Vps34 only slightly reduced phosphorylation of the downstream mTOR target rpS6, modestly blocked conversion of LC3-I to LC3-II, and induced a small degree of apoptosis in combination with PI-103 ( fig. S4B ).
Rapamycin induces both autophagosome formation and p-Akt as separate survival signals
Inhibition of PI3K was required for induction of cell death by the combination of Baf A1 and PI-103 (Fig. 4) . Consistent with this, the combination of Baf A1, rapamycin, and PIK-90 also induced apoptosis (Fig. 4 , B and C). However, inhibition of autophagosome maturation with Baf A1 failed to induce apoptosis in combination with either rapamycin or PIK-90 alone. If rapamycin alone induces autophagosome formation, why does apoptosis require the combined inhibition of autophagy, mTOR, and PI3K? In investigating the basis for this conundrum, we were struck by the ability of rapamycin to induce Akt activation, as evidenced by a 170% increase in phosphorylated Akt (p-Akt) in cells treated with rapamycin versus dimethyl sulfoxide (DMSO), P = 0.021, Student's t test or a 130% increase with siRNA directed against raptor when compared with vehicle controls (Fig. 4) .
To determine whether feedback activation of Akt contributed to the failure of rapamycin plus Baf A1 to induce apoptosis, we generated a PTEN mt glioma cell line (U373) in which the activity of Akt could be regulated independently of small-molecule inhibitors of PI3K and mTOR. Using cells carrying an allele of Akt fused to the steroidbinding domain of the estrogen receptor (Akt-ER) (57) , an agent that activates known Akt targets (58-62), we showed that combining Baf A1 and PIK-90 with Ku-0063794 or rapamycin, without activating Akt-ER, induced PARP cleavage and increased the abundance of annexin V-fluorescein isothiocyanate (FITC) (Fig. 5A) . Addition of the estrogen antagonist 4-hydroxytamoxifen (4HT) activated Akt-ER in these cells and blocked apoptosis driven by Baf A1, rapamycin, and PIK-90, and by Baf A1, PIK-90, and Ku-0063794 (Fig. 5A) . These results confirm that apoptosis (observed in response to combining inhibitors of mTOR with inhibitors of autophagosome maturation) also requires inhibition of Akt.
That inhibition of both Akt signaling and autophagy might contribute to apoptosis has previously been shown by others (20) and is supported by data in Fig. 5B , which shows apoptosis only in lanes with little p-Akt. Because monensin blocked both autophagy and Akt phosphorylation (Fig. 2E) , we treated U373 glioma cells with monensin and rapamycin and found that monensin cooperated with rapamycin to induce apoptosis, bypassing the need for a third agent that targeted either PI3K or Akt (Fig. 5B) . We conclude that dual inhibitors of PI3K and mTOR induce autophagy as a survival signal, and blockade of autophagosome maturation in this setting leads to apoptosis. In contrast, rapamycin induces both autophagy and activation of Akt as separate survival signals. This Akt-dependent survival signal blocks the cytotoxic effect of inhibitors of autophagosome maturation in rapamycintreated cells. Subsequent blockade of PI3K (through inhibitors of PI3K or Akt, or through use of monensin, a lysosomotropic agent that blocks both autophagy and Akt activation) (Fig. 5B) abrogates this second survival signal, leading to apoptosis.
Clinical inhibitors of PI3K and mTOR synergize with clinical inhibitors of autophagosome maturation to induce apoptosis in vivo
Dual inhibitors of PI3K and of mTOR are now being tested in cancer patients (27), whereas chloroquine, a drug that blocks autophagosome maturation (63) , is a well-established clinical antimalarial agent. To test whether clinically used inhibitors of PI3K and mTOR and autophagosome maturation can induce apoptosis in glioma, we treated glioma cells with the Novartis compound NVP-BEZ235 (64) , which is now being tested in clinical trials, and with the generic antimalarial agent chloroquine, which raises lysosomal pH, thereby impairing degradation of proteins in the autophagosome (63) . NVP-BEZ235 induces autophagy in glioma cell lines and promotes survival in mice bearing U87 intracranial glioma xenografts (65) .
Using U373 and GS2 cell lines, we demonstrated that NVP-BEZ235 and chloroquine could cooperate to induce apoptosis (annexin V and PARP cleavage) compared with either agent alone (Fig. 6) . To translate these results to an in vivo setting, we established xenografts from GS2 (66, 67) . All animals with established xenografts of GS2 survived treatment with NVP-BEZ235, chloroquine, or combination treatment without significant changes in overall body weight or behavior. The combination of NVP-BEZ235 and chloroquine caused tumor regression, whereas monotherapy with NVP-BEZ235 or chloroquine slowed tumor growth (Fig. 7A) . Necropsies revealed no obvious toxicity of mono-or combination therapies. Analyses of treated tumors confirmed that the combination of NVP-BEZ235 and chloroquine induced a marked increase in apoptosis (Fig.   7 , B and C). Quantification of five high-power microscopic fields per animal, five animals per group, demonstrated an increase in cleaved caspase 3 from 1.2% of cells showing staining for cleaved caspase 3 (chloroquine monotherapy) to 14.8% (NVP-BEZ235 plus chloroquine, P < 0.0001, Student's t test). Apoptosis (caspase cleavage) was similar in animals treated with monotherapy: 1.2% control versus 2.1% for NVP-BEZ235 monotherapy (P = 0.4793, Student's t test) and 1.2% control versus 1.2% for chloroquine monotherapy (P = 0.8822, Student's t test).
DISCUSSION
Autophagy is a cellular process of cannibalization that, depending on context, can promote or block cell death. It provides a mechanism through which cancer cells can survive stress, including stresses imposed by therapy. In glioma in particular, the alkylating agent temozolomide and the mTOR inhibitor rapamycin both induce autophagy (17, 68) , although whether autophagy promotes cell survival or death in response to these agents remains unclear.
PI3K and mTOR are individually central to survival and to autophagy. Inhibition of mTORC1 and mTORC2 blocks glucose uptake and glycolysis (69), slowing tumor growth, and inducing autophagy as a survival pathway (12, 70) . Given interest from both scientists and patients in understanding whether autophagy induced by agents that inhibit both PI3K and mTOR promotes or blocks cancer growth (71), we documented induction of autophagy in glioma cell lines by the dual PI3K and mTOR inhibitor PI-103. We demonstrated further that blockade of autophagy at the level of lysosomal trafficking led to enhanced cell death in response to PI-103. These observations highlight the importance of autoph- agy as a survival signal in response to targeting the PI3K-Akt-mTOR axis in glioma (Table 1) .
To dissect the importance of mTORC1 and mTORC2 to autophagy, we compared the allosteric mTORC1 inhibitor rapamycin, the ATP-competitive mTOR inhibitor Ku-0063794, and the ATP-competitive PI3K-mTOR kinase inhibitor PI-103. Both PI-103 and Ku-0063794 induced AVOs more potently than did rapamycin. As a likely consequence, blockade of autophagosome maturation promoted apoptosis more effectively in response to knockdown of components of mTORC1 and mTORC2 in combination, when compared to knockdown of components specific to mTORC1 (raptor) or mTORC2 (rictor). These data indicate a role for mTORC2 as well as one for mTORC1 in the induction of autophagy in glioma.
Rapamycin also induced autophagy in glioma; however, blockade of autophagosome maturation in conjunction with rapamycin did not result in cell death. We showed that Akt signaling plays a central role in promoting resistance to the combination of rapamycin with inhibitors of autophagy. We demonstrated that a feedback loop linking allosteric inhibitors of mTOR to Akt activation blocked apoptosis independently of autophagy. Although the existence of this feedback loop has been the subject of intense study in cancer (28, 72, 73) , our data document a functional role for rapamycin-driven feedback activation of Akt. Activation of Akt phosphorylation blocked the induction of apoptosis that might otherwise be observed in combining inhibitors of autophagy with rapamycin. The concurrent use of a PI3K inhibitor in combination with rapamycin blocked this feedback loop and-in conjunction with inhibition of autophagosome maturationpromoted apoptosis in glioma.
The observation that PI-103 cooperates with lysosomal agents to induce apoptosis has been made in the prostate cancer cell line PC3 (20) . Our study provides mechanistic insights into these earlier observations, delineating how perturbations in signaling through PI3K, Akt, and mTOR influence both autophagy and the ability of small-molecule inhibitors selective among these three kinases to cooperate with lysosomal agents. First, we clarified the roles of mTORC1 and mTORC2 as independent regulators of autophagy. Second, we demonstrated that a feedback loop driven by rapamycin activates Akt, abrogating the ability of lysosomal agents to cooperate with rapamycin and promote apoptosis. Finally, we extended these observations to a wide panel of glioma cell lines and to the use of a PI3K-mTOR inhibitor now in clinical trials in combination with a lysosomal agent now in clinical use. Although mutation of PTEN is generally associated with therapeutic resistance in glioma and other cancers (3), we found that the combination of NVP-BEZ235 and chloroquine led to apoptosis of PTEN mt glioma in an in vivo xenograft model, offering a translatable approach to therapy of patients with this generally lethal tumor.
MATERIALS AND METHODS
Cell lines and reagents
Human glioma cell lines LN229, SF763, U373, and U87; human primary glioma GS2 cells; and Atg-5-wt, Atg-ko, Bax-wt, and Bax-ko MEFs were grown in 1 or 10% fetal bovine serum (FBS). 3MA, Baf A1, acridine orange, monensin, and chloroquine were purchased from Sigma Chemical Co. Rapamycin was purchased from Cell Signaling. Akt inhibitor VIII was purchased from EMD Biosciences. PIK-90, PI-103, and Ku-0063794 were synthesized as described (29, 74) . NVP-BEZ235 was a gift from Novartis Pharma AG.
Detection and quantification of AVOs
Cells were treated with the indicated inhibitors for 48 hours, stained with acridine orange (1 mg/ml) for 15 min, washed with phosphate-buffered saline (PBS), trypsinized, and then collected in phenol red-free growth medium. Green (510 to 530 nm) and red (650 nm) fluorescence emissions from 1 × 10 5 cells illuminated with blue (488 nm) excitation light were measured with a FACSCalibur from Becton-Dickinson with CellQuest software. To quantify GFP-LC3 punctae, we counted five random fields in five high-power microscopic fields; cells with more than 10 GFP-LC3 punctate dots were considered to be GFP-LC3-positive cells. 
Immunoblotting
Apoptosis detection
Apoptosis was detected by measurement of sub-G 1 fraction (75), by staining for cleaved caspase 3 (28), or by flow cytometry for annexin V-FITC per the manufacturer's protocol (annexin V-FITC detection kit, BioVision). Percentages of cells positive for cleaved caspase 3 were quantified; cells were transferred onto slides by means of a cytospin apparatus, fixed in 4% paraformaldehyde, permeabilized for 5 min (0.1% Triton X-100 in PBS), incubated overnight at 4°C with rabbit polyclonal antibody against cleaved caspase 3 (1:200, Cell Signaling), and then incubated at room temperature (RT) for 1 hour with Alexa Fluor 555-conjugated secondary antibody against rabbit (Molecular Probes). Nuclei were labeled with Hoechst. Cells were mounted with Vectashield media (Vector Laboratories Inc.) and counted in five high-power fields with a Zeiss 510 LSM confocal microscope.
pBabe-GFP-LC3 transduction and siRNA transfection
To generate retrovirus, we cotransfected the packaging cell line 293T with plasmids expressing gag/pol and VSVg (vesicular stomatitis virus glycoprotein), using Effectene transfection reagent (Qiagen). High-titer virus was collected at 48 hours and used to infect cells as previously described (76) . pBabe-GFP-LC3 (77)-transduced glioma cells were treated with DMSO or 1 mM PI-103 for 48 hours and visualized by confocal laser scanning microscopy. Control siRNA was purchased from Santa Cruz Biotechnology. siRNAs against LAMP2, Vps34, rictor, raptor, and mTOR were purchased from Dharmacon and transfected with Lipofectamine 2000 (Invitrogen) as previously described (76) .
Histological and immunohistochemical analyses
For indirect immunofluorescence, mice were injected with a single dose of bromodeoxyuridine (BrdU; 100 mg/kg), and tumors were harvested 2 hours later. Sections were incubated in 60% formamide in 2× SSC at 54°C for 30 min. DNA was denatured in 2 N HCl in 0.1% Triton X-100 (v/v) for 30 min and neutralized with 0.1 M Na 2 B 4 O 7 ·10H 2 O (pH 8.5). Sections were washed in PBS, and then blocked in PBS containing 0.1% Triton X-100 and 5% normal goat serum for 30 min. Sections were incubated overnight at 4°C with rat monoclonal antibody against BrdU (1:200, Accurate Chemical) and then with Cy2-conjugated donkey antibody against rat IgG (H + L; 1:200, Jackson ImmunoResearch Laboratories) at RT for 1 hour. For cleaved caspase 3 staining, sections were permeabilized, incubated with antibody against cleaved caspase 3 (Cell Signaling), washed, and incubated with Alexa Fluor 555-conjugated an-tibody against rabbit (1:200; Molecular Probes). Nuclei were labeled with Hoechst.
Sections and cells were mounted with Vectashield mounting media (Vector Laboratories) and analyzed by confocal microscopy.
Xenografts
Human primary GS2 cells (10 6 ) (67) were injected subcutaneously just caudal to the left forelimb in 4-to 6-week-old female Balb/c nu/nu mice (Harlan Sprague Dawley). After tumors were established (50 to 100 mm 3 ), five mice per group were randomly allocated to treatment with chloroquine (20 mg/kg; Sigma) in PBS, NVP-BEZ235 (10 mg/kg; Novartis) in 70% DMSO, chloroquine (20 mg/kg) plus NVP-BEZ235 (10 mg/kg), and 70% DMSO alone (control), delivered by daily intraperitoneal injection. Tumor diameters were measured with calipers at 3-day intervals, and tumor volumes (in cubic millimeters) were calculated by the following formula: volume = width 2 × length/2. Each value represented the mean tumor volume ± SE obtained from five mice.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/3/147/ra81/DC1 Fig. S1 . Blockade of autophagosome maturation synergizes with inhibition of PI3K and mTOR to induce apoptosis in PTEN mt glioma. 
